A compact triple-band asymmetric coplanar waveguide-(ACPW-) fed antenna based on simplified metamaterial transmission lines (SMTLs) is proposed in this paper. The antenna consists of two SMTL unit cells of the same dimension. Three operating bands, which cover UMTS in the 1.76 GHz band and WLAN in the 5.2 GHz and 5.8 GHz, are achieved when the zeroth-order and firstpositive-order modes appear. The characteristics of the proposed transmission line metamaterial structure are studied in detail by circuit analysis and dispersion analysis. The working mechanism and radiation performances of the antenna are examined and illustrated at the three operating bands, respectively. A prototype designed on FR4 substrate with dielectric constant 4.3 occupies an overall size of 12.55 × 22.7 × 1.6 mm 3 and is constructed and successfully measured.
Introduction
The majority of modern communication applications need portable devices which are able to operate at multiple frequency bands, so the multiband operation antenna with compact size, low cost, and ease of integration is urgently needed. Different approaches used to design multiband antennas have been reported. The traditional approaches to achieve multiband operation are using multiple metallic strips [1, 2] , with cutting various shape slots [3, 4] in the radiating patch and adding subpatches to main patch to create multiband functions [5, 6] . However, the traditional methods may increase cost; the structure is complicated to be fabricated; the overall dimension of the antenna is large and it may create undesired radiation from parasitic elements. Recently, metamaterial has been paid more attention to implement multiband functions of antenna. Some multiband antennas loaded with composite right/left-handed (CRLH) unit cell were shown in [7] [8] [9] . By loading various shape monopole antennas with different number of CRLH unit cells, new operating bands appear, while the original band created by monopole antenna still existed. However, these cells also help to reduce the original band of the monopole antenna. At the same time, the CRLH unit cells may contribute to the radiation as the main antenna is not an efficient radiator and lead to complicated structure. In [10] , a frequency reconfigurable metamaterial inspired antenna was presented. By replacing the interdigital capacitor with a varactor diode, the higher band of the antenna remains effectively constant while the lower band of the antenna is tuning. The DC bias circuit, however, is lossless and too complicated. In [11] [12] [13] [14] , compact multiband antennas with single-cell metamaterial loading were reported and their working principle was similar to those of [7] [8] [9] , except those in [12, 13] , a band of which was attained by cutting a slot on ground or patch. The performance is good but the antennas are not compact enough.
In this paper, a compact triple-band antenna employing simplified MTLs for wireless application is presented. An asymmetric coplanar waveguide is used to reduce the antenna dimension and this method was proposed in [15] , which presented a bisected zeroth-order resonator antenna designed by dissecting the initial design by half. The series capacitors decrease with the equivalent inductor and resistance increases, so that great miniaturization and increase of bandwidth and efficiency are obtained. Different from 2 International Journal of Antennas and Propagation [15] , the antenna involved in this paper only has halfground plane, with the radiation area still remaining. Thus a miniaturized antenna is obtained without affecting the other properties significantly. By using the zeroth-order and firstpositive resonance mode at the same time, a triple-band operation function is obtained. Figure 1 illustrates the geometry of the proposed triple-band antenna. The antenna is printed on the top layer of the FR4 substrate with 4.3 relative dielectric constant and 12.55 × 22.7 × 1.6 mm 3 dimension. The asymmetric coplanar strip feed is analogous to the coplanar wave guide feed which is used for reducing the size of the designed antenna. The CPW-fed line is employed to match the antenna to the 50-Ω cable. The left-hand series capacitance is formed using interdigital gap which is etched on the host patch and the right-hand shunt capacitance is formed from the electric field between the radiator patch and ground plane; the righthand series inductance results from the current flow on the patch. An effective equivalent circuit for the designed SMTLs is depicted in Figure 2 . The series impedance and shunt admittance in Figure 2 can be obtained as
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where and are the series resistance and shunt conductance of the lossy transmission line, respectively. For a transmission line under lossless and shorted-end condition, the imaginary part of input impedance in is zero at series resonant frequency. So the zeroth-order resonance (ZOR) frequency is given by
The dispersion diagram can be obtained by applying BlochFloquet theory [16] as in the following equation:
where is the length of the unit cell. is the propagation constant for Bloch waves which can be derived from ABCD matrix theory [17] . The dispersion diagram of the metamaterial unit cell is shown in Figure 3 . In theory, for the lossless cases, the threshold frequency, at = 0, is known as the zeroth-order resonant frequency. But in this paper, the losses within the host CPW have been considered, the zeroth-order resonant frequency which appeared around 1.76 GHz, while is not exactly zero. series capacitance . According to (2), the resonant frequency will be increased. Therefore, the resonant frequency can be increased by decreasing the length of interdigital finger. Figure 5 shows the simulated 11 with different values of 3 ; it can be seen that the two higher resonant frequencies decrease from 5.26 to 5.1 GHz and 5.86 to 5.59 GHz, respectively, as the length ( 2 + 2 * 3 ) of the radiation patch increases. Because the increase of 2 + 2 * 3 provides longer effective current length, which will be depicted in Figures 8(b)  and 8(c) , the resonant frequency will be decreased. However, International Journal of Antennas and Propagation the increase of 3 provides increased series inductance , and according to (2) , the zeroth-order resonant frequency is almost decreased.
The optimized parameters of the antenna are listed in Table 1 . 
Results and Discussion
In order to investigate the performance of the proposed antenna, a prototype has been fabricated and tested, and its photograph is depicted in Figure 6 . Simulated and measured reflection coefficients of the proposed antenna are plotted in Figure 7 . The antenna was simulated by using the High Frequency Structure Simulator (HFSS) and measured by a network analyzer. As it can be seen from Figure 7 , the measured operating frequencies cover the band of 1.75-1.78 GHz, 5.2-5.5 GHz, and 5.7-6 GHz. The discrepancy between the simulation and measurement may be attributed to the fabrication imperfection, substrate losses, measurement circumstance, and the influence of coaxial connector. In order to get a deep insight into the working principle of the antenna, Figure 8 presents the current distributions of the antenna at 1.76, 5.2, and 5.8 GHz. As shown in Figure 8(a) , a relatively uniform current distribution on the radiating patch at 1.76 GHz is one of the complex features of the zerothorder resonance. The resonant frequency of 5.2 and 5.8 GHz was produced by the radiation patch. It can be observed in Figure 8 (b) that the current mainly concentrated on the radiating patch and it is larger on the lower metamaterial unit cell while the current is becoming weaker in Figure 8(c) . Thus, the value of the coupled capacitor and inductance in Figure 8 (c) is smaller than that in Figure 8(b) . According to the equation
when and become larger, the resonant frequency will shift lower. So the resonant frequency increased in Figure 8 (c). Figure 9 shows the simulated and measured normalized far-field radiation pattern in -plane ( -plane) and -plane ( -plane) at 1.76, 5.2, and 5.8 GHz, respectively. The radiation pattern is omnidirectional in the -plane and monopolelike in the -plane. The measured gains are about 0.436, 1.1, and 1.9 dBi at 1.76, 5.2, and 5.8 GHz, respectively. And the measured radiation efficiency is 61.4% at 1.76 GHz, 73.1% at 5.2 GHz, and 80.3% at 5.8 GHz.
Conclusion
A compact triple-band antenna based on simplified metamaterial transmission lines has been proposed. With the transmission line metamaterial structure, this antenna could operate at zeroth-order resonance modes. At higher frequency, the antenna acts similarly to a printed monopole and other two operation bands can be achieved. The antenna operates at three frequency bands with monopolar radiation pattern characteristics. Low-profile, simple fabrication, and multiband performance make the proposed antenna a good candidate for numerical wireless applications. 
